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A unique structure and in situ localization of E proteins were demonstrated in cultured neurons infected with neurovirulent
and aneurovirulent strains of local Japanese encephalitis virus (JEV). Dilated rough endoplasmic reticulum (rER) containing
smooth membrane structures (SMS) was continuous with the outer membrane of the nuclear envelope. These membranes
were found to be connected to unique dense bodies, membrane vesicle structures (MVS). The de novo formation of SMS,
annulate lamellae, and the appearance of MVS indicated proliferation of the membranous system in response to JEV
infection. E proteins were possibly assembled in the virions in the nuclear envelope or rER or on the plasma membrane.
The interconnections between MVS, rER, and the nuclear envelope and immunogold labeling of E proteins on the MVS
provided strong evidence that MVS serve as a reservoir of JEV components during virus assembly. q 1997 Academic Press
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INTRODUCTION These, in turn, serve as templates for nascent positive-
sense RNA synthesis. The single positive-stranded geno-
Japanese encephalitis virus (JEV) is one of the major mic RNA of JEV encodes a single polyprotein that is
human pathogenic flaviviruses in India, China, and processed cotranslationally and post-translationally to 10
Southeast Asia (Chambers et al., 1990a; Hasegawa et mature viral proteins (Chambers et al., 1990b). The com-
al., 1992). Human and murine neurons are known as the plexes C/prM, prM/E, and E/NS1 are cleaved cotransla-
main target cells of JEV (Hase et al., 1987; Ogata, 1990). tionally in the lumen of ER (Nowak et al., 1989; Ruiz-
The neurotropism of JEV has been characterized to be Linares et al., 1989). It has been suggested that the NS
dependent on the degree of neuronal maturity (Hase et proteins are cleaved in the cytoplasm by a NS3 gene
al., 1987). Furthermore, developing neurons have been product (Speight and Westaway, 1989; Chambers et al.,
reported to be most sensitive to JEV infection (Ogata et 1991).
al., 1991; Kimura-Kuroda et al., 1992). The envelope (E) protein of flaviviruses including JEV
JEV attacks the target cells by adhering to the cell is a glycoprotein (about 53–54 kDa) (Kaufman et al., 1987;
surfaces and then penetrating the membrane (Hase et Kutubuddin et al., 1991) containing 500 amino acids (Ha-
al., 1993). Cytopathological changes involving mainly pro- segawa et al., 1992). E proteins play a major role in virion
liferation of rough endoplasmic reticulum (rER) induced assembly, receptor binding, and membrane fusion (Ng
by JEV infection in neurons have been described (Hase and Lau, 1988). E proteins on the viral envelope are the
et al., 1990a,b, 1993; Hase, 1993). Recently, virus-induced major candidate for vaccine development (Ng and Lau,
proliferation of the membranous system has been dem- 1988; Hasegawa et al., 1992). Mutations in the envelope
onstrated in host cells infected by poliovirus (Schlegel protein interfere with the entry of JEV into cultured cells
et al., 1996). JEV-induced proliferation of membranous (Hasegawa et al., 1992). The characteristics of cell tro-
systems in neurons has been noted in vivo and in vitro pism and virulence of JEV were embedded in the struc-
(Hase et al., 1990a,b, 1993; Hase, 1993; Takegami et al., ture of E protein (Hasegawa et al., 1992; Chen et al.,
1995). However, whether these membranous structures 1996b). Recent studies indicate that the main mutant
contain other viral components of JEV are still unknown. sites for neurovirulence are located mainly in the E re-
After entry into the host cell and uncoating of the cyto- gions (Lee et al., 1995; Ni et al., 1995; Cao et al., 1995;
plasm, incoming viral RNA (10–11 kb) becomes the mes- Chen et al., 1996b). Characteristics of mutant strains RP-
senger from which negative-sense copies are made. 2 and RP-9 of local JEV have been demonstrated in mice
and BHK-21 cells. E/aa 138 and prM/aa43 mutants of
the RP-2 strain caused a remarkable reduction in viral1 To whom reprint requests should be addressed at Institute of Biol-
adsorption rate in early infections in our laboratory (Chenogy and Anatomy, National Defense Medical Center, PO Box 90048–
et al., 1996b). We have shown that strain RP-9 infection502, Taipei, Taiwan, ROC (100). Fax: 886–2–365–7481. E-mail:
jjw@ndmc1.ndmctsgh.edu.tw. induced higher neurotropism than RP-2 strain in mouse
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brain by immunocytochemistry. We have also localized assay on BHK-21 cells (Chen et al., 1996b). The burst
size (PFU/cell) of viruses was determined as the totalNS3 proteins in membrane vesicle structures (MVS) and
the proliferated rER (Wang et al., 1997). However, it still PFU of viable viruses released in supernatants divided
by the number of infected cells.remains unknown when and where the viral proteins are
stored and/or assembled into virions. In this study, we
demonstrate (1) a unique pathological structure induced Light microscopy and immunocytochemistry
by JEV infection and (2) in situ localizations of E proteins
Cells grown on glass coverslips were prepared forin these structures, in neurons infected with both neurovi-
immunofluorescent staining (Wang et al., 1997). After in-rulent RP-9 and aneurovirulent RP-2 strains.
fection with JEV strains 48 hr p.i., the cell samples were
washed twice with PBS and fixed in 50% buffered metha-MATERIALS AND METHODS
nol for 20 min. Each oligoclonal antibody specific to JEV
E protein contained four monoclonal antibodies devel-Cell lines
oped in our laboratory previously (Chen et al., 1996a) and
Three cell lines were maintained in RPMI 1640 or OPTI was used as primary antibody probe. Secondary rabbit
medium with 5% FCS: N-18, a mouse neuroblastoma cell anti-mouse IgG antibodies were conjugated with peroxi-
line maintained in RPMI-1640; NT2 cells, a human human dase or FITC. The two-heavy-metal-enhanced peroxi-
embryonal carcinoma cell line; NT2N cells, NT2 cells dase method (Pierce, Rockford, IL) was applied for color
induced by retinoic acid and differentiated into neurons reaction. The final products appeared as yellow-brown
in vitro (Andrews, 1984). deposits at the locations of viral proteins. Mock-infected
cells, neutralized primary antibodies, and cells not sub-Induction of NT2 cells to differentiate into NT2N
jected to primary antibody incubations were used as con-neurons
trols.
NT2 cells were cultured in high-glucose DMEM me-
dium [contains 10% FCS, 1005 M retinoic acid (RA)] for 4 Ultrastructure and immunocytochemistry
weeks (Andrews, 1984). NT2N cells were selected by
Cells infected with various JEV strains for 48 hr werephysical selection, easy detachment, or chemical selec-
collected as cell pellets and fixed for 30–60 min in 2.5%tion. Two kinds of mitosis toxins, 5-fluoro-2*-deoxyuridine
glutaraldehyde (GA) and 2% PA in 0.1 M cacodylateand cytosine-b-D-arabinofuranoside, were used to kill the
buffer, pH 7.4. For preembedding immunocytochemistry,dividing cells.
the cell samples in suspension were fixed for 30 min
and then washed overnight in the same buffer. After im-Virus infection, titration, and one-step growth curve
munolabeling, the cell pellets were dehydrated with
JEV strains RP-2 (4 1 108 PFU/ml) and RP-9 or JEV graded ethanol and embedded in eponate-12 resins
wild-type (7 1 107 PFU/ml) virus stocks were stored at (Wang et al., 1993). The brain samples for postembed-
0707 (Chen et al., 1996b; Wang et al., 1997). Monolayers ding immunoelectron microscopy were fixed by perfusion
of the indicated cell lines in 6- or 12-well plates were with freshly made 4% PA in PBS and then immersed in
first adsorbed with JEV at a multiplicity of infection (m.o.i.) 4% PA–0.5% GA in cacodylate buffer for 3 hr, dehydrated,
of 0.1 or 5 for 1 hr at 377. After adsorption, unbound and embedded in L.R. White (Wang et al., 1994). Thin
virus was removed by several washes with serum-free sections were incubated with mouse oligoclonal anti-E
medium, and fresh medium was added to each plate for antibodies and then labeled with goat anti-mouse IgG
further incubation at 377. To determine virus titers at the and streptavidin–biotin complex (ABC method) gold con-
end of infection, culture media were harvested for a jugates (5 nm in diameter). The sections were double
plaque-forming assay. Briefly, virus dilution was added stained with uranyl acetate and lead citrate and exam-
onto 80% confluent BHK-21 cells and incubated at 377 ined under a Zeiss 900 electron microscope.
for 1 hr. After adsorption, the cells were washed and
overlaid with 1% agarose (SeaPlaque, FMC BioProducts) RESULTS
containing RPMI-1640 with 1% FBS. After incubation for
4 days, cells were fixed with 10% formaldehyde and The one-step growth curve of JEV wild-type or RP-9
strain at a m.o.i. of 5 on NT2 cells cultured for variousstained with 0.5% crystal violet. NT2 cells (2 1 106) were
infected with viruses at a m.o.i. of 5. After 1 hr of adsorp- times postinfection was determined (Fig. 1) as described
under Materials and Methods. The burst size of RP-9tion at 377, the unbound virus particles were removed
from cells by three washes with phosphate-buffered sa- produced by the infected NT2 cells was determined to
be 2.6 PFU/cell at 36 hr p.i. After JEV infection, the euchro-line, and the infected cells were grown in RPMI medium
supplemented with 2% FBS at 377. At the indicated time matin of neurons became pale; this was followed by
proliferation of membranes, such as annulate lamellae,points postinfection (p.i.), supernatants of infected cells
were collected and clarified by centrifugation, and the rER, and smooth membrane structures (SMS) within the
cisternae of rER. The Golgi apparatus was rarely foundvirus titers in supernatants were determined by plaque
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was observed with the appearance of annulate lamel-
lae (AL) in an NT2 cell (Fig. 4A). Nuclear pore-like
dense structures were revealed on the membranes,
and ribosomal granules were seen among the rows of
AL. Continuous membranes between AL and rER and
close to a vacuole were observed. In the JEV-infected
NT-2 cells, poor Golgi apparatus was observed. rER
showed hypertrophic change, and the cisternae of rER
was dilated and filled with viral particles. MVS were
observed in the cytoplasm of an NT2 cell connected
to rER (Fig. 4B). Dilated rER containing SMS was also
found to be associated with MVS (Fig. 4C). A pale cen-
ter appeared in the dense body of MVS (Figs. 4B, 4C).
MVS containing filamentous materials and surrounded
by small dense granules were observed close to the
dilated rER containing viruses budding out to the cell
FIG. 1. One-step growth curve of JEV RP-9 in NT2 cells. NT2 cells surfaces (Fig. 4D). Rows of virus particles were seen
were infected with RP-9 at a m.o.i. of 5 and cultured for various periods. along the membrane or rER with narrow cisternae. The
Virus titers in the culture supernatants of infected cells at the indicated
rER membranes became dilated later but still radiatedtime points were determined by plaque assay on BHK-21 cells.
from the dense MVS (Fig. 5B). Virus-like particles were
seen among the cisternae of dilated rER near the MVS
and among the MVS (Fig. 5B).30 or 48 hours p.i. The mitochondria swelled and disap-
peared and the chromatin became condensed and frag- The processes of proliferation and dilation of granular
endoplasmic reticulum (rER) are illustrated in Figs. 6A–mented (data not shown).
Oligoclonal anti-JEV E-protein antibodies were used 6D. The virus particles appeared in the linear rER in few
numbers (Fig. 6A). Then, the rER increased, probablyas probes for detecting the infection rates of JEV and
the mutant strains, neurovirulent RP-9 and aneuroviru- through AL. Dense virus-like particles and SMS formed
in the rER cisternae in an NT2N neuron after 30 hr p.i.lent RP-2 (Chen et al., 1996b; Wang et al., 1997). Immu-
nofluorescent staining indicated that E proteins were with JEV (Fig. 6B). The swollen rER formed round or oval
larger vacuoles in the cytoplasm in an NT2N neuron.distributed in the cytoplasm of RP-9-infected undiffer-
entiated NT2 cells (Fig. 2A). Control mock-infected NT2 Virus-like particles and numerous SMS were found in
the swollen cisternae of rER (Fig. 6C). Enlarged rER withcells showed negative E-protein reactions (Fig. 2B).
NT2N neurons with a typical long axon that survived both SMS and virus particles was observed in an N18
cell (Fig. 6D).treatment with mitosis-toxins were selected from RA-
induced differentiation of NT2 cells. Dendrites formed Dilated rER was closely associated with MVS; more-
over, it was connected to the outer nuclear envelope (Fig.and intercellular connections were found among the
cells (Figs. 2C, 2D). Immunoperoxidase staining of E 7A). Furthermore, the rER accompanied the cell mem-
brane (Fig. 7A, lower right corner). Similar results areproteins was revealed in the cell body and axons of
NT2N cells infected with RP-9 (Fig. 2C). RP-2-infected shown in Fig. 4D. The results of immunogold staining for
E proteins indicated that MVS surrounded by SMS wasNT2N cells showed weak or negative reactions (Fig.
2D). More E-protein-positive cells were found in RP-9- E protein positive (Fig. 7B). The outer membrane of the
nuclear envelope swelled and separated from the innerinfected mouse neuroblastoma N18 cells (Fig. 2E) than
in RP-2-infected cells (Fig. 2F). Light microscopic re- nuclear membrane. The cisternae of the nuclear enve-
lope were continuous with those of rER containing virussults indicated that the RP-9 strain showed higher in-
fection rates than the RP-2 strain in three cell lines. particles (Fig. 7C). The results of immunoperoxidase
staining for E proteins indicated that positive reactionsQuantitative analysis of infection rates of RP-9 and RP-
2 after 30 hr indicated that NT2N cells were 2.4- to 2.8- occurred within the nuclear envelope (Fig. 7D). The sepa-
ration points between the outer and inner nuclear enve-fold more sensitive than NT2 cells (Fig. 3). In NT2 cell
samples, 124 and 195 cells were counted in RP-2- and lope are indicated by arrowheads. Virus particles re-
leased from the cell surfaces were immunolabeled byRP-9-infected samples. In NT2N cells, 573 and 663
cells were counted in RP-2- and RP-9-infected sam- anti-E-protein antibody (Fig. 7E).
ples. The data were obtained and analyzed from 74
autographs and are presented as percentages of con- DISCUSSION
trol data. NT2 cells showed lower infection rates than
differentiated NT2N cells in both RP-2 and RP-9 JEV E protein is a typical membrane anchor protein and
plays a vital role in JEV adsorption, infectivity, and assem-infection.
JEV-induced proliferation of the membranous system bly (Chambers et al., 1990a,b). JEV infection of neuro-
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FIG. 2. Localization of E proteins in NT2 cells (A, B), NT2N cells (C, D), and N18 cells (E, F). Samples were infected with neurovirulent and
aneurovirulent JEV strains of RP-9 and RP-2 (m.o.i. 5). The perinuclear and cytoplasmic distributions of immunofluorescent E-protein staining were
determined. Some positive dots in the cytoplasm may indicate vacuoles that were positive for E protein (A). Control groups of mock-infected NT2
cells or cells not subjected to primary antibody incubation showed negative E-protein reactions (B). Immunoperoxidase staining of E proteins was
revealed in the whole cell body and axons of NT2N cells (C). RP-2-infected NT2N cells showed a weak reaction (D). Immunofluorescent staining
for E proteins indicated more positive N18 cells in RP-9-infected (E) than in RP-2-infected (F) cells. Arrowheads indicate E-protein-positive cells.
(A–F) 5001, bar  20 mm.
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include annulate lamellae, rER, and SMS within the cis-
ternae of rER. The euchromatin first became pale and
then condensed and fragmented; this phenomenon pos-
sibly indicates a pathway of apoptosis (unpublished
data). Annulate lamellae with a short life span were found
in differentiating cells associated with ER (Jasper, 1976;
Wang et al., 1980). In the differentiating neuron cells,
annulate lamellae may serve as a source for proliferating
endoplasmic reticulum. SMS is a flavivirus-induced struc-
ture (Hase, 1993). It could be formed by budding from
rER and is associated with rER in different cell lines.
Interconnections of rER in a lamellar pattern were found
among MVS, rER and SMS. MVS appeared mostly in JEV-
infected NT2 cells, and JEV particles were found associ-
ated with MVS. The cytopathological changes and immu-
nocytochemical labeling in the infected cells were identi-
cal for both RP-9 and RP-2 strains. The fine-structural
changes of rER and SMS after JEV infection of neurogenicFIG. 3. Quantitative analysis of infection rates 30 hr p.i. with RP-9
cells were similar to those described before (Hase et al.,and RP-2 of NT2 and NT2N cells. The data were analyzed from 74
autographs of each sample and are presented as percentages of con- 1987, 1990a,b, 1993).
trol data. Note that NT2 cells showed lower infection rates than differen- E proteins were found distributed in the perinuclear
tiated NT2N neuron cells in both RP-2 and RP-9 JEV infection. cytoplasm after FITC and peroxidase labeling. In parallel,
viral E proteins were localized within the nuclear enve-
lope, cisternae of rER, and MVS near the nucleus aftergenic cells has been studied by Hase et al. (1990a,b),
who reported that viruses fuse to the host cell membrane immunogold labeling. These phenomena indicate that E
proteins are associated with the JEV-induced proliferatedby way of its envelope spikes and are internalized either
by penetration or by receptor-mediated endocytosis. membranes. The JEV particles could be transported from
the dilated rER connected to the nuclear envelope, simi-After entry, virions are found in intracellular vesicles,
where the virions are uncoated following acid-dependent lar to our previous finding that E proteins of dengue type
2 virus and viral particles were present in the cisternaefusion with endosomes. The release of infectious virus
can be detected 12 hr p.i. However, the process by which of the nuclear envelope and vacuoles during virus prolif-
eration (Wang et al., 1993). It seems quite possible thatviral RNA is translated and replicated remains unknown
(Chambers et al., 1990a). the nuclear envelope in involved in the pathway of viral
assembly. Our previous data indicated that E proteinsSpecific sites of the E-protein sequence were found
to be important in the attenuated neurovirulence of JEV were labeled on the envelope of viral particles but not
found on the plasma membrane of infected BHK-21 cells(Hasegawa et al., 1992; Ni et al., 1995; Cao et al., 1995;
Chen et al., 1996b). Recently, a mutant SA14-2-8 strain (Wang et al., 1997). Consistent results obtained in neu-
rons showed that the cell membranes were negative forwith seven mutated amino acids (four in the E-protein
area), derived from the SA14 strain, was found to have E protein. Thus, we doubt that the plasma membrane
was involved in the storage of envelope proteins for viralattenuated neurovirulence (Ni et al., 1995). Both the neu-
rovirulent RP-9 strain (same as wild type) and aneuroviru- assembly.
JEV-induced proliferation of the membranous system oflent RP-2 strain [mutant at E/aa 138 and prM/aa 43 (Chen
et al., 1996b)] can infect NT2, NT2N, and N18 cells in mouse brain neurons and BHK-21 cells has been described
(Hase, 1993; Hase et al., 1993; Takegami et al., 1995; Wangvitro. However, infectivity was reduced with the RP-2 in-
fections. Quantitative analysis of infection rates of RP-9 et al., 1997). Virus-induced proliferation of the membranous
system that contains the viral structural and nonstructuraland RP-2 after 30 hr indicated that NT2N cells were 2.4-
fold more sensitive than NT2 cells. NT2 cells showed components has been demonstrated biochemically and im-
munocytochemically in host cells infected by polioviruslower infection rates than NT2N cells in both RP-2 and
RP-9 infection. Our previous analyses have demonstrated (Schlegel et al., 1996). In this study, we demonstrated that
JEV-induced proliferated membranes were colocalized withthat RP-2 virus is 100-fold more infectious intracellularly
than RP-9 early in infection. Once infected 28 hr p.i. (Chen JEV E proteins in neurons. According to our observations,
MVS were heavily immunolabeled by anti-E antibody inet al., 1996b), there was no significant difference in fine-
structural changes 30 or 48 hrs p.i. of RP-9 and RP-2 vitro and similarly by anti-E and anti-NS3 antibodies in vivo
(Wang et al., 1997). JEV-induced MVS closely associatedstrains on neurons.
JEV particles were also found in dilated lumens of the with rER, SMS, and nuclear envelope could serve as an
intermediate structure or as a reservoir for rER membranesnuclear envelope, rER, SMS, vesicles, and vacuoles by
EM examination. JEV-induced proliferated membranes or viral components. The JEV-induced MVS and the inter-
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FIG. 4. Annulate lamellae (AL) with nuclear pore-like structures (arrowhead) were observed in the cytoplasm of NT2 cells infected with RP-2 JEV
48 hr p.i. (A). Ribosomal granules were seen among the rows of AL, and the membranes of AL were continuous with rER (A). Two dense membrane
vesicle structures (MVS) (m) connected by rER were observed in the cytoplasm of an RP-2-infected NT2 cell (B). Dilated rER containing a smooth
membrane structure (s) was found associated with MVS (m) (C). A MVS was surrounded by dilated rER containing virus (arrowhead). Small dense
granules (arrows) were scattered around the MVS (m) (D). (A) 43,5001; (B) 39,5001; (C) 40,2501; (D) 56,0001. Bar  0.1 mm.
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FIG. 5. Membrane vesicle structures (MVS) in NT2 cells infected with RP-2. rER and rows of virus particles (arrowheads) are clearly seen near
the MVS (m) along the rER connected to the MVS (A). The rER connected to the MVS (m) became dilated later in an NT2 cell (B). Virus-like particles
(arrowheads) are seen among the cisternae of the dilated rER near the MVS and among the MVS dense bodies (B). (A) 48,2001; bar  0.1 mm.
(B) 70,2001; bar  0.1 mm.
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FIG. 6. Processing of ER membranous system. Note the increase in virus particles (arrowheads) in scattered ER (A) in an N18 cell. In NT2N
cells, proliferation of granular endoplasmic reticulum (rER) was observed (B). Smooth membrane structures (SMS) (S) and dense virus-like particles
(arrowheads) appear in the rER cisternae 30 hrs p.i. with RP-9 (B). The swollen rER formed round or oval larger vacuoles in the cytoplasm in an
NT2N neuron infected with RP-9 virus. Virus-like particles and SMS were increased in the dilated cisternae of rER (C). Dilated rER containing SMS
(S) and virus particles was observed (D). (A) 75,0001; (B) 57,2001; (C) 55,9001; (D) 48,5001. Bar  0.1 mm.
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FIG. 7. In these low magnifications of an NT2 cell infected with RP-2 (A, B), the dilated rER is connected to the membrane vesicle structure (MVS)
(m) and also continuous with the nuclear envelope (arrowheads) (A). The MVS (m) surrounded by the smooth membrane structure (SMS) (S) was
E protein positive for immunogold staining (arrowheads) (B). In an enlargement of part of A, the virus particles (arrowheads) are seen in the cisternae
of the nuclear envelope, which was continuous with rER (C). The results of immunoperoxidase staining for E proteins indicate that positive reactions
(arrowheads) occurred within the nuclear envelope (D) in an RP-9-infected N18 cell. On the virus released outside the N18 cell infected with RP-
2, positive E proteins are labeled on the cell surfaces (D). (A) 34,8001; bar  0.3 mm. (B) 46,1001; bar  0.1 mm. (C) 51,4001; bar  0.1 mm. (D)
31,5001; bar  0.3 mm. (E) 68,0001; bar  0.1 mm. N, nucleus.
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(1992). Mutations in the envelope protein of Japanese encephalitisconnections between MVS, rER, and the nuclear envelope
virus affect entry into cultured cells and virulence in mice. Virologywere first identified in our laboratory. JEV-like particles were
191, 158–165.
found aggregated in MVS, and the positive immunolabeling Jasper, D. K. (1976). ER–annulate lamellar association of mucosal epi-
of E proteins in MVS provides strong evidence that MVS thelial cells of the rat jejunum. Cell Tissue Res. 175, 417–420.
Kaufman, B. M., Summers, P. L., Dubois, D. R., and Eckels, K. H. (1987).are actively involved in JEV assembly. Thus, in conclusion,
Monoclonal antibodies against dengue 2 virus E-glycoprotein protectJEV-induced proliferation of cytoplasmic membranes, MVS,
mice against lethal dengue infection. Am. J. Trop. Med. Hyg. 36, 427–SMS, and rER containing both E and NS3 proteins.
434.
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